Abstract Bangladesh is situated in the active delta of the world's three major riversthe Ganges, the Brahmaputra and the Meghna. The occurrence of water-induced disasters is a regular phenomenon in Bangladesh. Reducing the magnitude of damage by floods to life and property and minimizing environmental impacts has been the major concern of disaster management activities in Bangladesh. Due to the complex nature of the river systems and their hydrological/hydraulic characteristics, the tasks of predicting the propagation of floods and planning and designing mitigation measures are quite difficult. However, recently, use of mathematical models has been found to be very promising in building the flood-preparedness system: studying the processes of flood disasters and evaluating alternative mitigation measures, both structural and non-structural. An overview of the mathematical models developed and applied to study and predict floods in Bangladesh is presented. Emphasis is given to real-time flood forecasting and warning. Key words floods; flood forecasting; modelling; disaster management; Bangladesh Prévision et annonce de catastrophes hydrologiques en contexte hydraulique complexe-le cas du Bangladesh Résumé Le Bangladesh est situé dans le delta actif de trois des grands cours d'eau du monde -le Gange, le Brahmapoutre et le Meghna. Les désastres liés à l'hydrologie y sont fréquents. La réduction de l'ampleur des dégâts causés par les crues aux biens et aux personnes ainsi que la minimisation des impacts environnementaux sont les volets majeurs de la politique de gestion des catastrophes du pays. La nature complexe des systèmes hydrographiques et de leurs caractéristiques hydrologiques et hydrauliques rend difficiles la prévision de la propagation des crues ainsi que la mise en oeuvre de mesures d'atténuation. Cependant, l'utilisation de modèles mathématiques s'est récemment révélée très prometteuse pour construire le système de gestion des crues en permettant d'étudier les processus de crues dommageables et d'évaluer des mesures alternatives d'atténuation, structurelles et non-structurelles. Nous présentons un panorama des modèles mathématiques développés et utilisés pour étudier et prévoir les crues au Bangladesh, en insistant sur les aspects de prévision en temps réel et d'alerte.
INTRODUCTION
Decision makers worldwide face a difficult challenge in developing an effective response to the threat of water-induced disasters. In Bangladesh, this task is more complex, not only because of the multitude of such disasters (floods, cyclones, erosion and sedimentation in rivers, salinity in estuaries during low flows, degradation of water quality, etc.), but also due the very vulnerable geographical setting of the country (see Fig. 1 ). Major parts of Bangladesh occupy the deltaic plain of the GangesBrahmaputra-Meghna river system. Bangladesh is criss-crossed by a labyrinth of S6 Giina N. Paudyal rivers. As the country is located at the lowest reach of the fluvial system, and in the area affected by coastal surges, flood hazard in Bangladesh is very high. Flood hazard maps for Bangladesh, developed by Islam & Sado (2000) based on remotely-sensed data for the destructive flood event of 1988, illustrate the nation's vulnerability to floods. Therefore the expression "living with floods", being used in a variety of contexts (cf. Takeuchi, 2001; Kundzewicz & Kaczmarek, 2000; Kundzewicz & Takeuchi, 1999) , illustrates the situation in Bangladesh, whose nation indeed has to live with floods. There are several catchments being drained, totalling about 1.76x10 6 km 2 , of which only 7% lies within the country's territorial limits. The characteristics of the rivers are different from one region to another. Flood problems in the Ganges area in Bangladesh are mainly due to overbank spilling. The flood situation deteriorates when the Brahmaputra River remains in spate forcing backwater into the Ganges. Flooding in the Brahmaputra is characterized by large-scale inundation of its banks, erosion at various places and conveyance of heavy silt load from upstream. In the northeastern part of the country, the water levels of the Meghna River are controlled by the high water levels of the Padma River during the flood season.
FLOOD DISASTERS
Every year during the monsoon season, flooding subject to different types of flooding: occurs in Bangladesh. The country is
River flooding
The major rivers slowly rise from snowmelt in the Himalayas and the high regions to the north. As the flood waters arrive from upstream, locally heavy rains contribute to the increase in the river levels. The river levels can be above the bank stage from a few days to as long as several months. Heavy rains in the Khasia, Jaintia, Garo and Tripura Hills in India cause local streams and rivers to rise to dangerous levels within less than twelve hours. These are termed flash floods.
Urban flooding
Locally heavy rains of 100 mm day" 1 or more over the cities and larger towns can cause damaging and disruptive flooding as a result of poor or blocked drainage and rapid urban runoff.
Tidal or storm surge flooding
Several (on the average, 12-13) tropical disturbances develop in the Bay of Bengal every year. Of these, five may develop into cyclones and cross surrounding coastlines with the possibility of curving their tracks towards Bangladesh. Cyclone-induced storm surges have devastating consequences for Bangladesh and the surge-induced floods may extend as far as 200 km inland, into densely populated lowland. The Bangladesh coast has been hit by 14 major cyclones over the last 35 years causing large-scale loss of human life, livestock and severe damage to crops, property and infrastructure. While some coastal areas are protected by a network of embankments, these provide only partial protection from storm surges and resulting floods.
The recent floods of 1998 have been of unprecedented magnitude and duration. Colossal damage to crops, property and infrastructure and losses of life were reported. Opinions about the causes of flood events are highly divergent. Besides the natural reasons, such as intense and long-lasting monsoon precipitation in and outside Bangladesh, the causes often cited range from deforestation in the upper catchments in Nepal and India to misuse of flood plains and inappropriate river control structures. A summary of damage caused by the 1998 flood is shown in Table 1 .
FLOOD FORECASTING AND WARNING
Flood mitigation options planned and implemented in the past have been very controversial. Mainly structural measures, such as embankments, were used. However, Flood forecasting is the prediction of water levels, areas and depths of flooding in rivers and flood plains. Flood warning is the preparation of forecasts in a meaningful format which can be numerical or visual. In order to be effective, the warning has to be disseminated to the media for broadcast, to concerned organizations who are prepared to provide relief, and to vulnerable communities.
From the early 1990s a flood forecasting and warning system based on an advanced hydraulic model has been applied in Bangladesh. However, the system has been limited to the forecasting of water levels in the major rivers, and these forecasts have not easily been understood or used by the rural population, as the dissemination system has been insufficient. During the last five years, a new enhanced forecasting system has been developed which includes depth-area inundation forecasting. In order to meet the requirements of the end users of forecasts and warnings, a new dissemination system has also been developed. This includes a suite of phased warning messages that introduces early notification to other agencies and additional phases of warning messages as the severity and impact of flooding increases. The new flood forecasting system, MIKE11, has been integrated in a GIS environment and provides a very powerful tool for real-time flood forecasting and flood warning. A brief description of the present flood forecasting and warning system in Bangladesh is given below.
DATA COLLECTION
During the monsoon season, data are collected manually in the field by a gauge reader five times per day and brought to the radio operator in the nearest village. The data are subsequently transmitted to Dhaka with voice communication through HF radios every morning. In the case of tidal rivers, hourly data are collected and transmitted to Dhaka by HF radios and mobile phones. Water level and rainfall data are also received via a pilot telemetric network. Figure 2 shows the real-time data network in Bangladesh.
In addition to the hydrometeorological data, other data of importance for forecasting activities, including weather radar and satellite images (NOAA), are collected from various sources. The satellite images are interpreted in-depth to estimate future weather conditions, including extent of rainfall, and to verify present flooding conditions.
THE FLOOD FORECASTING SYSTEM
The MIKE 11 flood forecasting system (MIKE 11 FF) (DHI, 1999) is designed to perform the calculations required to predict the variations in discharge and water level in a river system as a result of catchment rainfall and inflow/outflow through boundaries in the river system. All the model calculations required for issuing a forecast are done automatically by utilizing a number of individual modules, details of which are given below. 
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The rainfall-runoff module (NAM)
The NAM (Nielsen & Hansen, 1973 ) rainfall-runoff model is a deterministic, conceptual, lumped model representing the land phase of the hydrological cycle. It is based on both physical and semi-empirical formulations to describe the interrelationship between surface storage, intermediate storage and groundwater storage. Using the mean areal rainfall and evaporation as input, the NAM module calculates sub-catchment inflow to the river system.
The hydrodynamic module (MIKE11 HD)
The hydrodynamic module contains an implicit finite difference computation of unsteady flows in the rivers based on St Venant equations. The formulation can be applied to branched and looped networks and quasi two-dimensional (2-D) flow simulation on flood plains. Based on NAM-calculated lateral inflow and additional inflow from external boundaries, the hydrodynamic module predicts water levels and reservoir inflows. For the calculation of runoff from the catchments, 216 sub-catchments were identified. The calculated runoff forms the lateral inflow to the river system. All major rivers were included in the model. The rivers are described by measured cross-sections for each 1000-2000 m of the river. Where flood plains are separated from the main river channels, a quasi 2-D model schematization has been used, joined to the main rivers by a series of links. Flood cells were used to describe areas which are subject to inundation, but in which water flows are very small or zero. Links were used to connect flood-plain branches and flood cells to the main rivers. There are several locations in the model area where breaches in the embankments regularly occur. The model reflects the latest position of breaches. The model has a total number of 60 boundary stations, either water-level or discharge.
A quasi 2-D approach, which requires that flood plains are represented separately from the rivers, is adopted in modelling flood plains. Unfortunately, flood plains, unlike rivers, do not always follow a defined course and are therefore more difficult to schematize. Flood plains also behave in a variety of ways, from simple storage basins to major conveyors of flood waters. Behaviour also varies depending on the height of the flood. Flood plain cells receive, store and drain flood waters, but do not model conveyance (except via links). They must have one or more links with the river(s) to model the exchange of water between river and flood plain. Flood-plain branches, like river branches, model flood storage and conveyance. A branch has links at its upstream and downstream ends, and also along its length. Links model the flow between river and flood plain. They play an important role in modelling flood plain inundation and drainage. A link may be an embankment, a natural levee or a channel. Links can be lumped together to reduce the model size, i.e. several channels and a river levee may be represented as one link. A flood control and drainage structure may also be incorporated into a link.
An automatic updating module
An important feature of the MIKE11 FF is the automatic real-time updating procedure. The updating routine is used to minimize the deviations between observed and simulated discharge/water levels at the time of forecast. The MIKE 11 FF updating procedure can identify two different types of deviation or error between measured and simulated data, namely amplitude and phase error (Fig. 3) . The updating procedure distinguishes between the two error types and makes corrections accordingly by minimizing the objective function given below:
where A e is amplitude error (m J s" 1 ), P e is phase error (s), M is measured discharge (m 3 s" 1 ), S is simulated discharge (m J s" 1 ), F is a weighting factor, n is the number of values included, and AT is a time step (s). The minimum is found by differentiating equation (1) with respect to the amplitude error, A e , and the phase error, P e , and solving the subsequent equations. Based on phase errors and amplitude errors identified by the updating routine, a series of correction discharges is calculated. The correction discharges are added as lateral inflow/outflow along the rivers at the updating points.
Updating can be specified on the basis of discharge or water level measurements and can be carried out at any location in the river system where water level and/or discharge information is available in real time. Having carried out the first updating, a hydrodynamic calculation is performed again including the correction discharges in the river system. This procedure with hydrodynamic calculation followed by updating is repeated until the deviation between simulated and observed discharge/water level is minimized.
Model calibration
The data used for model calibration include time series from more than 60 of the most important water level, discharge and rainfall stations within the model area. Discharge measurements from the gauged catchments were compared with simulated discharges from the NAM model, and a traditional calibration procedure was completed. In the traditional calibration procedure, unlike in the automatic calibration, model parameters are adjusted by trial and error to match the simulated hydrograph with the observed one. Subsequently the NAM model parameters from the gauged catchments were applied to the ungauged catchments.
With the NAM-simulated lateral inflow, the calibration of the hydrodynamic model was subsequently carried out. The calibration focused primarily on high flows during the monsoon seasons. Figure 4 shows a comparison between observed and simulated water levels and discharges at two locations in the river system.
Application of MIKE11 GIS for flood mapping
Having prepared the MIKE11 model setup it is also possible to prepare flood maps applying the MIKE11 GIS module, which combines the results from the MIKE11 river model with a digital elevation model. It is possible to calculate the depth and area of inundations and present the results on flood maps.
Preparation for real-time operation
Before the model can be used for real-time operation it needs further adjustments. The real-time station network contains fewer stations than used in the model setup; thus the calibrations need to be revised to account for this. Further, at some remote boundaries it is not possible to have real-time reporting stations. At these boundaries the inflows need to be estimated from nearby real-time stations.
A total of 40 locations were included as forecast stations. As general updating also takes place at these forecasting locations, various parameters in the updating routine need to be calibrated accordingly. Average accuracies of 5, 10 and 14 cm were obtained in river level forecasting, for 24, 48 and 72 h, respectively (BWDB, 1997).
THE DISSEMINATION SYSTEM
The enhanced flood forecasting and warning services include a component for the improvement of the dissemination system. The component supports a programme for public awareness and understanding of the forecast and warning information and the benefits to be derived from it. The improved dissemination has been implemented as a new National Flood Forecasting and Response System comprising a number of elements as follows: -a user-friendly management system for display and dissemination of flood information and flood warnings; -increased use of Bangladesh Radio and TV to broadcast flood warning messages; -a suite of phased warning messages that introduce early notification to other agencies and additional phases of warning messages as the severity and impact of flooding increases; -warning messages designed to communicate effectively to members of the community at risk by using simple messages-these will also be broadcast in various local dialects; -warning messages providing information on the impacts of flooding; -a structured classification of flood warning and information products which separates information and forecasts from warning messages and supplies key information to decision makers in a concise form; -flood marker posts at river water-level stations showing, by means of coloured bands, the likely level of flooding-the warning messages will advise which colour and band of severity is being warned; -compatibility and ultimately integration with Emergency Standing Orders for Disaster; -education and publicity material to raise flood awareness at community level; and -a Bangladesh Flood Warning Manual, which establishes the basic philosophy and principles of flood warning in order to develop increased awareness and participation by other agencies and by community leaders.
REAL-TIME OPERATION

Daily procedures at the Flood Forecasting and Warning Centre
Every morning during the monsoon season, real-time data are collected from more than 60 water-level and rainfall stations throughout the country. Afterwards the realtime data are carefully checked and processed by means of the MIKE11 Flood Watch system. Additionally, information such as weather forecasts, satellite images and flood information from India are interpreted before the final data input to MIKE11 FF is made. On the satellite picture it is possible to identify cloud cover and flooded areas used for model verification. The MIKE11 FF module forecasts water levels for the next 24, 48 and 72 h for 30 locations. A typical simulation applying the MIKE 11 FF system takes 30 min. In addition the MIKE 11 GIS module is used to produce depth-area inundation flood maps (Fig. 5) . 
Formulation and dissemination of flood warnings
The recorded and forecast water levels are reported in the daily official Flood Forecasting Bulletin published by the Flood Forecasting and Warning Centre and distributed to all important agencies. Separate flood warning messages are prepared for areas where the flood situation requires warnings. The flood warnings are normally issued when the water levels are forecast to rise above danger level. These warnings are then transmitted to relevant authorities, e.g. the Disaster Management Bureau, national radio and television, and the Prime Minister's office.
FORECASTING CYCLONE-INDUCED FLOOD IN THE COASTAL AREAS
The northern part of the Bay of Bengal along the coast of Bangladesh is particularly vulnerable to storm surges and coastal flooding generated by tropical cyclonic activity. In November 1970, the most severe cyclone in the century with respect to surge height, inundation and loss of life occurred. The cyclone produced a surge height of up to 10 m, which hit the coast at high spring tide, causing inundation of nearly every lowlying coastal area in Bangladesh. The loss of life was estimated at 300 000-500 000 (SMRC, 1998) . In April 1991, a cyclone produced a surge height of more than 6 m along a coastal stretch of 240 km in Bangladesh, inundating large coastal areas and offshore islands (SMRC, 1998) . The loss of life was estimated at 140 000. The cyclone had been tracked in the Bay of Bengal for several days and warnings were given. However, the population did not generally heed these warnings, and this was one of the main reasons behind the colossal loss of life during the cyclone. In the affected areas not more than 20-25% of the people moved from their houses to safe places. Similar warning levels had previously been given, but these were associated with water levels not much above normal, and hence special attention was not taken in the situation on that day (Bangladesh Centre for Advanced Studies, 1991) . This event illustrates the importance of accurate storm surge and flood forecasts for producing efficient flood warning.
A forecast system has been developed consisting of the following elements ( Fig. 6) : an observation system, a data assimilation system, a numerical hydrodynamic storm surge and flood modelling system, a cyclone forecasting system, and uncertainty and risk analysis.
Cyclone forecast system
The storm surge and flood modelling system is forced by the wind and pressure fields predicted by the cyclone forecasting system. For this system two modelling components have been developed: -statistical forecast models for prediction of the cyclone track and intensity; and -an analytical model for generation of cyclone wind and pressure fields.
The statistical forecast models are CLIPER type models that use climatology and persistence information in terms of initial storm centre location at the time of forecast, past cyclone track and maximum wind speed estimates, and distance to the coast for forecasting cyclone position and maximum wind speed for lead times of 6, 12, 18, 24, 30, and 36 h. The analytical cyclone model uses information of cyclone characteristics in terms of maximum wind speed and radius to maximum wind together with the cyclone track information to generate wind and pressure fields (Jakobsen & Madsen, 2002) .
Storm surge and flood modelling system
For simulating the storm surge and associated flooding the MIKE21 2-D numerical, hydrodynamic model was adopted (DHI, 2001) . The Bay of Bengal MIKE21 model (Fig. 7) covers an area north of latitude 18.9°N and includes three areas with different grid resolutions. In the finest model grid that covers the area north of latitude 21.3°N and west of 89.8°E, a grid resolution of 600 m is used. In MIKE21 a two-way nesting scheme is adopted that ensures a dynamically consistent exchange of mass and momentum between the modelling grids of different resolutions. MIKE21 also includes simulation of flooding and drying processes. 
Data assimilation system
The data assimilation system is used for incorporating meteorological and hydrographic measurements to update the cyclone and storm surge prediction models. In this project a data assimilation procedure has been developed that uses surface observations of wind and pressure together with the analytical cyclone model to update cyclone position and other characteristic parameters of the cyclone in the analytical model. For the storm surge model a data assimilation system is adopted for assimilation of water level measurements. This system is based on the Kalman filter in which point measurements of water levels are assimilated to correct water levels and currents in the entire model region (Madsen & Canizares, 1999) .
The forecast system produces forecasts of water levels and currents in the model domain as well as forecasts of flood levels of inundated areas in the coastal region. These forecasts form the basis for making appropriate decisions on flood warning and management.
CONCLUSION
Mathematical models, based on modern information technology have been developed and applied in Bangladesh to study various water induced disasters, mainly river floods. These models are used in providing reliable and timely information on floods. The models are also being used in planning and management of both structural and non-structural disaster mitigation measures. Application of the models in real-time flood forecasting has been successful in warning people in advance so that they can act to save lives and property.
A storm surge and flood forecasting system has been developed that includes several new tools to improve the forecast accuracy as a basis for improving flood warning and management strategies. The feasibility of the system has been tested on cyclone-induced storm surge and flood forecasting along the costal areas of Bangladesh.
